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A Role for Gradient en Expression
in Positional Specification on the Optic Tectum
Nobue Itasaki and Harukazu Nakamura identity in the body plan are well studied in Drosophila,
and many genes including homeobox-containing genesDepartment of Molecular Neurobiology
Institute of Development, Aging, and Cancer have homologs in vertebrates, some of which are ex-
pressed in the CNS (reviewed by McGinnis and Krum-Tohoku University
Seiryo-machi 4-1 lauf, 1992; Puelles and Rubenstein, 1993). We have fo-
cused ourattention on en-1 and en-2 in theavian tectum,Aoba-ku, Sendai 980-77
Japan where the genes show a gradient of expression along
the rostrocaudal axis (rostral expression is low, then
gradually increases caudally; Gardner et al., 1988; Patel
et al., 1989). The avian visual system is large and is moreSummary
dependent on chemical cues for axonal orientation than
the rodent system, where the activity-dependent stepThe optic tectum, the primary visual center in non-
seems to be more important for topographic connec-mammalian vertebrates, receives retinal fibers in a
tions (Simon and O'Leary, 1990, 1992a, 1992b). There-topographically ordered manner. en (en-1 and en-2,
fore, the avian tectum is suitable for investigating mech-homologs of the Drosophila segment polarity gene
anisms of positional specification.engrailed) is expressed in the tectal primordium in
We previously found that the rostrocaudal gradient ofa rostrocaudal gradient, around the stage when the
en-2 expression is correlated with polarity of the retino-polarity of the retinotectal projection map is being
tectal projection map in a tectum ectopically produceddetermined. Here we report that scattered en expres-
in the diencephalon (Itasaki et al., 1991; Itasaki and Na-sion, caused by retroviral gene transfer, perturbed the
kamura, 1992). en-1 is expressed in the same mannerretinotopic order. Nasal retinal fibers, which normally
as en-2 at embryonic day 2 (E2), when the commitmentrecognize the caudal side of the tectum (strong en
of the polarity is initiated (Davis and Joyner, 1988; un-expression side) as a target, arborized at ectopic sites,
published data). To clarify whether the gradient of enas if they found their targets, or degenerated. Tempo-
expression actually plays a role in positional specifica-ral retinal fibers, which normally recognize the rostral
tion of the tectum, we have studied the projection pat-side of the tectum (weak en expression side) as a
terns on tecta in which en-1 or en-2 is overexpressedtarget, were also affected in some cases by degenera-
in a dispersed manner. For overexpression, we intro-tion or prevention of innervation in the tectum. These
duced a replication-competent retrovirus (Hughes et al.,results suggest that gradient en expression defines
1987) encoding chick en-1 or en-2 (see Figures 1A andthe positional identity of the tectum along the rostro-
1B). The infection was spatially restricted to the tectumcaudal axis.
by the transplantation of specific pyrogen-free (SPF)
tectal tissues to virus-resistant embryos, to avoidIntroduction
spreading of the virus into the diencephalon, which is
capable of differentiating as a tectal structure (Naka-
The nervous system shows a complex organization and mura et al., 1986; Martinez et al., 1991).
requires ordered spatial neural connections to be func-
tional. In the avian visual system, retinal ganglion cells
terminate in the tectum in a retinotopic manner so that Results
images are projected to the visual center. It is widely
accepted that this ordered connection is accomplished en Overexpression by Retroviral Infection
The retroviral vector RCAS (Hughes et al., 1987) usedprincipally by two steps, one activity-independent and
another activity-dependent (reviewed by Holt and Har- in this study contains the gag, pol, and env genes, which
enable infected cells to produce new viral particles.ris, 1993). The former mechanism was first described
as the chemoaffinity theory (Sperry, 1963), whereby the Therefore, once cells are infected, the inserted en se-
quence is transcribed not only in clonal descendantsretinal and tectal cells are positionally specified before
neural connections are formed. This spatial information but also in newly infected neighboring cells, as far as
cells divide. Infection was spatially restricted to the tec-is now thought to be encoded in the graded distribution
of molecules (Bonhoeffer and Huf, 1982; Walter et al., tum by transplantation of SPF tectal tissue to virus-
resistant embryos. The viral solution was injected into1987b; Baier and Bonhoeffer, 1992; reviewed by Kapriel-
ian and Patterson, 1994). The activity-dependent step brain vesicles at stages 10 and 14 (Hamburger and Ham-
ilton, 1951), when rostrocaudal polarity is still plasticinvolves the refinement of connections by impulse activ-
ity±dependent competition, leading to stabilization of (Martinez and Alvarado-Mallart, 1990; Itasaki et al.,
1991). Some embryos were harvested at E2 or E3 toproper synaptic contacts and removal of mistargeted
axons (Fawcett et al., 1984; Fawcett and O'Leary, 1985; confirm overexpression. The overexpression of en-1
was monitored by in situ hybridization or by immunocy-reviewed by Shatz, 1990; Cline, 1991). Our interest has
been focused on the activity-independent mechanism, tochemistry with the polyclonal antiserum aEnhb-1
(Davis et al., 1991); overexpression of en-2 was moni-in particular, how tectal cells acquire positional specifi-
cation along the rostrocaudal axis. tored immunohistochemically with the monoclonal anti-
body 4D9 (Patel et al., 1989). Ectopic En protein couldThe molecular mechanisms that control positional
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Figure 1. Viral Genome, Inserted en, and Its
Expression In Vivo
(A) A Map of the retroviral gene. The genes
shown in (B) were inserted in the region la-
beled ``en.''
(B) cDNA clones of en-1, en-2, deleted en-2
(constructed for a negative control), and
longer en-2 (constructed fora lowereffective-
ness). The box represents the coding region
(en-1, 1002 bp; en-2, 867 bp; deleted en-2,
807 bp). The stippled area is the homeobox.
Thin lines represent noncoding regions. de-
leted en-2 was constructed so that a part of
the homeobox is excised. longer en-2 in-
cludes 59 noncoding sequence (230 bp).
(C) E4 chimeric tectal primordium (stage 23)
infected with the en-2 virus and immuno-
stained with the anti-En-2 monoclonal anti-
body (4D9) (dorsal view); rostral is to the left.
On the normal side (lower, the left side of the
embryo), the staining is weak at the rostral
end and increases caudally. In contrast, the
en-2-infected side (upper) shows positive
cells scattered throughout the tectum.
(D) E4 chimeric tectal primordium (stage 23)
infected with the longer en-2 virus and immu-
nostained with 4D9 (dorsal view); rostral is to
the left. Overexpression is less effective than
in (C).
(E) E3 chimeric tectal primordium (stage 17)
infected with the en-1 virus on the right tec-
tum (upper) and immunostained with
aEnhb-1 (dorsal view), showing that overex-
pression had already begun at stage 14.
(F) A section of E17 tectum infected with the
en-2 virus and immunostained with 4D9. The
pial surface is on the top, and the ventricular
surface is on the bottom. SO, stratum op-
ticum; SGFS, stratum griseum et fibrosum
superficiale; SGC, stratum griseum centrale;
SAC, stratum album centrale.
Bars, 200 mm (C±E), 100 mm (F).
be detected 5 hr after the first injection (stage 11) and a distance of about 5 mm (Figure 2). Although trans-
plantation causes some developmental delay, nasal reti-had spread by 12 hr after the injection (stage 12; data
not shown). By stage 14 (Figure 1E) or stage 23 (Figure nal fibers had established the projection by E17 in the
control in the present study. Among 10 embryos that1C), more than half of the cells were induced to express
En protein, while the host tectum showed only the intrin- received grafts of normal tectal primordia at E2 and
were fixed at E17, 1 was at stage 40, 3 were at stagesic pattern of expression. The cells ectopically express-
ing En protein were found in clusters. The expression 41, 4 were at stage 42, and 2 were at stage 43; among
5 nonoperated E17 embryos, 3 were at stage 42, and 2continued at least until E17 (Figure 1F).
were at stage 43, according to the length of the third
toe.Normal Retinotectal Projection
We investigated the behavior of nasal or temporal
retinal fibers by labeling a small spot of peripheral retina Behavior of Nasal Retinal Fibers on Tecta
Overexpressing enwith 1,19-dioctadecyl-3,3,39,39-tetramethylindocarbo-
cyanine perchlorate (DiI; Molecular Probes). In normal The caudal part of the tectum, an original target for
nasal retinal fibers, is the region where en was stronglychick embryos, tectal rostrocaudal polarity corresponds
topographically to retinal temporonasal polarity (Cross- expressed at an earlier stage (E2±E4). If en participated
in the determination of rostrocaudal polarity of the tec-land and Uchwat, 1979); i.e., temporal retinal fibers rec-
ognize the rostral end of the tectum as their target and tum, nasal retinal fibers would recognize en-induced
cells as their target, even on their way to the caudalform terminal arborizations there. In contrast, nasal reti-
nal fibers pass through the rostral tectum and extend end. Nasal fiber labeling showed that the trajectories
were perturbed on en-overexpressing tecta. In manyto the caudal end. When the projection has become
established, nasal fibers normally show few arboriza- cases, fibers from a certain spot of the nasal retina
arborized at various sites instead of converging on ations between the entrance of the tectum (the rostral
end) and the terminal target zone (the caudal end), for specific spot of the tectum, as if they had found targets
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To confirm that ectopic en expression is responsible
for the disordered arborizations, we constructed longer
en-2, in which a 59 flanking region was included in the
insert (see Figure 1B). The effectiveness of integration
was consequently decreased, and ectopic expression
was limited to fewer clusters of cells than with the en-1
or en-2 constructs (see Figure 1D). When retinal axons
ran on such tecta, ectopic arborizations occurred in
regions coincident with the en-2-positive areas (Figure
4). This result suggests that the ectopic arborizations
were due to the ectopic expression of en. With the longer
en-2 construct, 12 cases out of 23 showed such ectopic
arborizations corresponding to en-2-positive areas. In
other cases, the trajectories did not meet the en-2-posi-
tive cell populations on the course and showed the nor-
mal projection pattern.
The overexpression of en-1 or en-2 did not affect
dorsoventral (mediolateral) mapping as judged from the
trajectories of retinal fibers.
Behavior of Nasal Retinal Fibers on Tecta
Overexpressing a Deleted Version of en-2
To confirm that the observed ectopic arborizations and
degenerations are due to the function en product andFigure 2. Trajectories of Nasal Retinal Fibers on the Control Tectum
not to the viral infection itself or to sickness of tectalat E17 (Stage 42)
cells, we constructed deleted en-2, in which a homeo-Whole-mount view; rostral is to the left. Fibers enter the tectum
box is partially deleted (see Figure 1B), as a negativefrom the rostral side, then extend toward the caudal end, on which
control. Tecta infected with the deleted en-2-coding vi-they find their target. Bar, 500 mm.
(A) A typical labeling of a small population of nasal retinal fibers. rus showed the normal projection pattern; nasal fibers
The tight focus is seen as overlapping terminal arborizations (star). directly reached the target spot and formed condensed
(B) A case in which a few fibers were labeled, indicating that nasal terminal arborizations (see Figure 3F). A total of 10 cases
retinal fibers at this stage show few arborizations on the course to
were analyzed (7 were at stage 42 at fixation and 3 werethe target zone. A different focal plane at the target (inset) shows
at stage 41), and all showed the normal pattern.the arborization in the deeper layer of the tectum.
Behavior of Temporal Retinal Fibers on Tecta
during the course (Figures 3A and 3B). Some fibers did
Overexpressing en-1 or en-2
reach the appropriate target zone, but were dispersed
We also studied the behavior of temporal retinal fibers
(Figures 3C and 3D, arrows) and did not form a tight
that normally terminate on the rostral tectum (weak en
focus as a result. Furthermore, in some cases, fibers expression site). Since temporal fibers accomplish their
were labeled as lines of debris (Figures 3C±3E), which projection earlier than nasal fibers, observations were
were considered degenerated fibers, as shown by Naka- done mainly at E16. In tecta overexpressing en-2, 2 out
mura and O'Leary (1989). Vestiges of degenerated fibers of 17 cases were found to be affected. In one, fibers
were seen at nontarget areas (Figure 3D, arrowheads degenerated completely on both the optic tract and the
and inset), as if ectopically isolated fibers could not tectum, although fibers remained in the retina. In the
survive. These features were observed in both en-1- and other case, some degenerative fibers were seen with a
en-2-overexpressing tecta. The specimens we analyzed small focus of terminal arborization. In other cases, we
were grouped into four patterns (I±IV): in pattern I, most could not detect obvious disruption of projection.
of the fibers arborized at different sites without clear In tecta overexpressing en-1, 6 out of 14 cases were
condensation of terminal arborizations (Figure 3A); in affected. In 3 of these, fibers degenerated completely
pattern II, most of the fibers reached the original target on both the optic tract and the tectum. In 2 cases, la-
zone, while some (less than half) were directed to ec- beled fibers were seen on the tract but not on the tectum
topic sites (Figure 3B); in pattern III, vestiges of degener- (Figure 5). In another case, some fibers had degenerated
ated fibers were seen at nontarget sites, and most of while others formed terminal arborizations. To observe
the fibers were dispersed at the original target zone the developmental progress, we examined the trajector-
(Figures 3C and 3D); and in pattern IV, nearly all fibers ies at E11, when temporal fibers normally show little
had degenerated (Figure 3E). Among 6 cases of en-1 degenerative debris on the tectum (Nakamura and
overexpression, 2 were grouped into pattern I (both were O'Leary, 1989). In contrast to the normal ones, 2 out of
at stage 41), 2 into pattern II (both were at stage 41), 1 4 en-1-overexpressing tecta showed many degenerated
into pattern III (stage 40), and 1 into pattern IV (stage fibers on the rostral side (data not shown).
42). Among 11 cases of en-2 overexpression, 2 were
grouped into pattern I (both were at stage 41), 2 into Discussion
pattern II (stages 43 and 41), 6 into pattern III (2 at stage
40, 1 at stage 41, 2 at stage 42, and 1 at stage 43), and We have shown in this study that position-specific target
recognition of retinal fibers was perturbed when en-11 into a mixture of patterns II and III (stage 41).
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Figure 3. Trajectories of Nasal Retinal Fibers on en-1 or en-2 Virus±Exposed Tecta at E17
Whole-mount view; rostral is to the left.
(A) A case of the en-2-overexpressing tectum (stage 42). Fibers show many arborizations at various sites and do not converge at the original
target area.
(B) Another case of en-2 overexpression (stage 41). Most of the fibers are directed to the caudal end; however, they do not converge tightly.
Some axons are coursing around the rostral side (arrows).
(C) Another case of en-2 overexpression (stage 40). Fibers are directed to various sites (arrows; inset is a higher magnification view of the
arbors indicated by the uppermost arrow) and some are degenerative (seen as spot-like debris).
(D) A case of en-1 overexpression (stage 40). Fibers are directed to various sites (arrows), and some degenerative spots are seen at the rostral
side (arrowheads; shown at a higher magnification in the inset).
(E) Another case of en-1 overexpression (stage 40). Most of the fibers are degenerative, seen as DiI-labeled debris.
(F) A case of deleted en-2 virus±exposed tectum, showing the normal projection pattern (stage 42). A tight focus is formed (star).
Bars, 500 mm (A±F), 100 mm (insets in [C] and [D]).
or en-2 was overexpressed in the tectum. That is, nasal Ectopic arborizations, which were one of the main
behaviors of nasal retinal fibers on en-overexpressingretinal fibers, which normally form a tight focus of termi-
nal arborizations at the caudal end, arborized even on tectum, can also be seen to a lesser extent in the normal
process of the retinotectal projection. In the normal pro-the rostral or middle part of the tectum. Nasal fibers
also exhibited partial or complete degeneration, and cess, the majority of axons from a certain spot of the
retina reach their specific target on the tectum throughtemporal retinal fibers, which normally terminate at the
rostral end, degenerated completely or could not inner- chemical cues, while some axons miss their targets and
degenerate (Nakamura and O'Leary, 1989). The increasevate the tectum in some cases.
A Role for en in Retinotectal Projection
59
Figure 4. Analysis of the longer en-2 Virus±
Exposed Tectum
Rostral is to the left. The effectiveness of
overexpression is lower than that with en-2
virus exposure. (A) and (B) show one case
(stage 42), and (C)±(F) show another (stage
42).
(A) E17 whole-mounted tectum immuno-
stained with 4D9 and visualized with fluores-
cein isothiocyanate±labeled secondary anti-
body, showing the en-2-positive region
(arrows indicate en-2-positive cells).
(B) Ectopic arborizations on the way to the
target zone (the same part as [A]). While the
majority of fibers are directed toward the tar-
get zone (from the rostral to the caudal), a
few fibers arborize at a site coincident with
the en-2-positive area.
(C) Another case of whole-mounted tectum
immunostained with 4D9.
(D) Higher magnification of the en-2-positive
region boxed in (C), which corresponds to the
area of ectopic arborizations.
(E) Trajectories of E17 nasal retinal fibers on
the same tectum as in (C).
(F) Different focal plane at the ectopic arbori-
zations indicated by the arrow in (E).
Bars, 200 mm (B and D), 500 mm (F).
in arborizations seen on en-overexpressing tectum can arborizations of nasal retinal fibers are due to ectopic
expression of en, suggesting that en genes play an im-be explained by two possible mechanisms. One is that
normally formed, aberrant arbors may have persisted portant role in positional specification.
Another major behavior that nasal retinal fibersbecause they reached a suitable environment. The other
is that arbors can be newly induced by en-positive cells. showed on en-overexpressing tecta was degeneration,
which can also be seen in the normal process of targetThough we cannot clearly distinguish between these
two mechanisms, our results indicate that the ectopic formation at the refinement step. It has been suggested
Figure 5. Trajectories of Temporal Retinal Fi-
bers on the en-1 Virus±Exposed Tectum
(Stage 40)
A schematic drawing of the tract (A) and the
trajectory on the tract (B) are shown. Fibers
run the optic tract but do not invade the tec-
tum. An asterisk in the schematic is the ex-
pected target zone; rostral is to the left. Bar,
200 mm.
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that mistargeted axons are not stabilized because they arborization. However, it is unlikely that the overex-
pressed en product exerts a direct influence on arboriza-lack synchronous firing with neighboring axons (Fawcett
tions, for two reasons. First, the en product is in theet al., 1984; Kobayashi et al., 1990) and that mistargeted
nucleus, and second, en is not normally expressed inaxons are eliminated by axonal degeneration in conse-
the tectum at the innervation stage; it is expressed inquence. If elimination were simply due to an impulse
the developing tectal neuroepithelium around E2±E4,activity±dependent mechanism, the degeneration seen
when the tectum is becoming committed in terms ofin our study might be explained by elimination of ectopic
rostrocaudal polarity. It is plausible that en expressionarborizations through the refinement step because,
provides primordial tectal cells with positional values ateven though the ectopic arbors might have reached
the commitment stage. As tectal cells migrate in radialchemically appropriate target cells, they were position-
directions during early development (Gray et al., 1988;ally isolated from other synchronous fibers. Therefore,
Gray and Sanes, 1991), the positional value acquired atit might be possible that some of the ectopic arbors
the primordial stage could be preserved at each point.seen on en-overexpressing tectum would also be elimi-
Between acquiring positional value and receiving retinalnated in theend. However, it is also possible that ectopic
axons, there would then be signal transduction cas-arbors in en-overexpressing tectum would be retained
cades, including intercellular communications. Finally,at chemically suitable sites, since degeneration seen
positional cues such as attractive or repulsive signalsunder the normal condition takes place at chemically
would be presented on the stratum opticum cell mem-inappropriate sites.
brane so that retinal axons could distinguish betweenOur results on temporal fibers were less dramatic than
them (Walter et al., 1987a; Baier and Bonhoeffer, 1992;those on nasal fibers, and only a few cases were found
Boxberg et al., 1993; Roskies and O'Leary, 1994). Theto be affected. This could be due to the difficulty of
behavior of retinal fibers in this study is consistent withdetecting effects on temporal fibers in this in vivo assay.
en-overexpressing cells acquiring caudal tectal charac-Temporal fibers terminate on the rostral tectum as soon
teristics. It is therefore very probable that ectopic enas they enter the tectum, i.e., they do not run a long
expression affected some of these cascades.way on the tectal surface. Thus, there is a possibility
The region-restricted overexpression system used inthat temporal fibers do not meet en-expressing cells
this study is a useful technique to analyze the functionduring their course. However, we still found some cases
of certain genes. In particular, when homologous genesin which temporal fibers were also affected. Severely
exist, as in the case of en-1 and en-2, loss of functionaffected cases showed complete degeneration of fibers
analyses such as targeted mutation may be complicatedor no innervation into the tectum. Temporal fibers are
by the problem of functional redundancy. Ectopic ex-believed to be repulsed by a component of caudal tectal
pression showed that en-1 and en-2 are involved incell membrane (Walter et al., 1987a). It might therefore
determining tectal polarity and suggests that thesebe reasonable to conclude that they did not innervate
genes may have a similar function during tectal develop-the en-overexpressing tectum. In another case, fibers
ment. In addition, detailed observations of en-2 mutantdegenerated after innervating the rostral tectum (for de-
mice revealed abnormal cerebellar fissure formation,generation was seen on both the tract and the tectum).
which is suggestive of changes in cerebellar lobe identi-It is possible that the overexpression pattern was too
ties (Joyner et al., 1991; Millen et al., 1994). Consideringscarce to prevent innervation.
these results, it is very likely that en plays an importantIt might be expected that nasal retinal fibers would
role in constructing the vertebrate CNS.form tight foci at many en-overexpressing sites; how-
en-1 and en-2 are homologs of the Drosophila seg-ever, we never found such a case. Instead, fibers mainly
ment polarity gene engrailed, which controls antero-
showed ectopic arborizations and degeneration. The
posterior polarity in each body segment (Ingham and
result may be due to insufficiency in overexpression,
Martinez-Arias, 1992). Our findings suggest an evolu-
which was not enough to spread to all of the cells. The
tionally conserved function between Drosophila and
expression pattern was such that the tectum was dotted avian en genes that involves the specificity of antero-
with numerous patchy clones of infected cells. Although posterior identity in segmented tissues.
the retrovirus used in this study is replication competent,
postmitotic neuronal cells do not integrate the viral
genome. Experimental Procedure
When retinal axons innervate the tectum to find their
Virus Constructiontargets, growth cones run on the stratum opticum, the
en-1 and en-2 genomic DNA clones were gifts from Dr. Joynermost superficial layer of the tectum (LaVail and Cowan,
(Logan et al., 1992). Chick E4 brain mRNA was isolated and used1971), and are believed to read cues that are provided
for the reverse transcriptase±polymerase chain reaction (RT±PCR)
on the tectal cell membrane (Walter et al., 1987a, 1987b; to obtain en-1- and en-2-codingregions. To minimize the PCRampli-
Baier and Bonhoeffer, 1992; Roskies and O'Leary, 1994). fication region, only a region spanning the unique intron was ampli-
Upon reaching the target, growth cones leave the stra- fied. For en-1, residues 686±887 (counted from the initiation codon
ATG) were amplified by the primers 59-CGGGCCCCCGCACCAG-39tum opticum and turn at a right angle to enter the deeper
and 59-TTGTTCTGGAACCAGATCTTG-39. For en-2, residues 437±layer, the stratum griseum et fibrosum superficiale,
658 were amplified by the primers 59-AGCTGTCGGTGAGCTCGwhere retinal axons arborize and form synapses with
GAC-39 and 59-GGAACTCGGCCTTGAGTCTC-39. PCR products
tectal cells (LaVail and Cowan, 1971; Thanos and Bon- were subcloned into pUC 19 (New England Biolab) and sequenced
hoeffer, 1987). The present study showed that en over- to confirm that the amplified regions were identical to those in au-
thenticated ones (en-1, EMBL, L12694±L12695;en-2, EMBL L12696±expression actually influenced position-specific axonal
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L12697). The fragments were replaced in genomic clones, and non- H. Kawakami for suggesting techniques in molecular biology. This
work was supported by a Grant in Aid from Yamada Science Foun-coding regions were eliminated. The deleted en-2 was constructed
so that a part of the homeobox (575±634) was eliminated, while the dation, The Inamori Foundation, and the Ministry of Education, Sci-
ence, and Culture, Japan.region that encodes the 4D9 recognition site (706±722; Patel et al.,
1989) was conserved for monitoring the expression. longer en-2 has The costs of publication of this article were defrayed in part by
the payment of page charges. This article must therefore be herebya 59 noncoding region 230 bp longer (21 to 2230) for a less effective
expression. The retroviral vector RCAS was a gift from Dr. S. H. marked ``advertisement '' in accordance with 18 USC Section 1734
solely to indicate this fact.Hughes (Hughes et al., 1987). en-1, en-2, longer en-2, or deleted
en-2 was subconed into Cla12 (adaptor plasmid for RCAS; Hughes
Received April 27, 1995; revised September 11, 1995.et al., 1987), and each ClaI fragment was inserted into the unique
ClaI site of RCAS (A), downstream of the viral env gene. Clones
with the insert in normal orientation were chosen and used for viral References
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